Theory of electron-phonon dynamics in insulating nanoparticles 
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We discuss the rich vibrational dynamics of nanometer-scale semiconducting and insulating 
crystals as probed by localized electronic impurity states, with an emphasis on nanoparticles that are 
only weakly coupled to their environment. Two principal regimes of electron-phonon dynamics are 
distinguished, and a brief survey of vibrational-mode broadening mechanisms is presented. Recent 
work on the effects of mechanical interaction with the environment is discussed. 
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I. INTRODUCTION 



Recently there has been considerable interest in 
nanoparticles and nanocrystals because of their unique 
physical properties and for their potential use in nan- 
otechnology ||l|. Like quantum dots, nanocrystals made 
from semiconductors and insulators have a discrete elec- 
tronic spectrum, but unlike quantum dots they also have 
a nearly discrete vibrational spectrum with a suppressed 
phonon density-of-states (DOS) at low energy. In partic- 
ular, an isolated spherical nanoparticle of diameter d can- 
not support internal vibrations at frequencies less than 
the so-called Lamb mode frequency, about 2'!TVt/d, where 
vt is the bulk transverse sound velocity M . Any property 
of a nanoparticle that depends on the low-frequency vi- 
brational spectrum, such as its low-temperature thermo- 
dynamic properties or low-energy electronic relaxation 
rate, will be different than in bulk crystals. This will be 
especially dramatic for nanoparticles — for example, pre- 
pared in powder form — that are only weakly coupled to 
their environments. 

One way to probe the vibrational spectrum of a 
nanoparticle is to optically excite an electron-hole pair 
and study the intraband electronic energy relaxation 
prior to radiative recombination 0. However, the ex- 
citonic states, being only weakly localized, will suffer sig- 
nificant quantum-confinement effects in the nanoparti- 
cle, making comparison with bulk relaxation rather indi- 
rect. An alternative probe of the vibrational spectrum is 
provided by well-localized electronic impurity states in a 
doped nanocrystal. The impurity states can be used to 
probe both energy relaxation by phonon emission [Q and 
phonon-induced dephasing M. In these cases, the dif- 
ference between the nanocrystal and bulk behavior is al- 
most entirely a consequence of their differing vibrational 
modes. 

Yang et al. W measured the DOS of Y2O3 nanopar- 
ticles, in powder form, with a size distribution ranging 
from 7 to 23 nm in diameter. Y2O3 nanoparticles 15 nm 
in diameter cannot support phonons with energies below 



about 10 cm^^. The phonon DOS was obtained by mea- 
suring the nonradiative lifetime of an excited electronic 
state of Eu'^+, and at 3 cm^^ was found to be about 100 
times smaller than that of a bulk Y2O3 crystal. 

In this paper we discuss recent theoretical work |3-|9|] 
motivated by the experiment of Yang et al. Q. After 
discussing the two principal regimes of electron-phonon 
dynamics, a brief survey of vibrational-mode broadening 
mechanisms is presented, and we discuss new work on 
the phonon DOS in a nanoparticle mechanically coupled 
to its surroundings. 



II. RELAXATIONAL VERSUS VIBRONIC 
DYNAMICS 



The simple discussion presented above suggests that 
phonon emission should be considerably suppressed be- 
low frequencies of the order of 2TTVt/d. However, this is 
only partially correct, as can be seen by considering the 
limit of a localized electronic impurity state in a com- 
pletely isolated nanoparticle. In this case energy is ex- 
changed between the electronic and vibrational degrees 
of freedom in a oscillatory manner, and no relaxation 
would be observed. Indeed, an impurity state in an iso- 
lated nanoparticle may be regarded as a phonon analog of 
an atom in a cavity, which is known to exhibit Rabi-like 
population dynamics pO| . 

We are therefore led to the conclusion that there will 
be two distinct regimes characterizing the nature of low- 
energy electron-phonon dynamics in a semiconducting or 
insulating nanoparticle. In what we shall refer to as the 
relaxational regime, an excited-state electron population 
decays approximately exponentially in time with a rate 
correctly given by Fermi's golden rule. In the vibronic 
regim,e, however, the population oscillates for some num- 
ber of cycles before decaying. The crossover between 
these regimes occurs when the width of the broadened 
Lamb mode becomes equal to the electron-phonon inter- 
action strength. 



It is tempting to conclude that it would be straightfor- 
ward to determine experimentally whether a system of 
nanoparticles was in the relaxational or vibronic regimes, 
but the effects of ensemble-averaging complicate the mat- 
ter H . We have found that at short times the ensemble- 
averaged excited-state population oscillates but has a de- 
caying envelope. At long times, however, the oscillations 
become purely sinusoidal about a "plateau" population, 
with a frequency determined by the electron-phonon in- 
teraction strength, and with an envelope that decays al- 
gebraically as t~^l'^ . Whether one can observe lumines- 
cence from the plateau region depends on the available 
experimental resolution. 



III. INTRINSIC PHONON-BROADENING 
MECHANISMS 



Phonon broadening can come from mechanisms oper- 
ative within a nanoparticle, or from its interaction with 
the environment. The former tends to be more important 
at high energies and the latter at low energies. 

For example, anharmonic interaction, which is always 
present, will cause the modes to broaden, leading (at fi- 
nite temperature) to a DOS at energies below 2'KVt/d. 
However, anharmonicity is ineffective at low energy and 
a calculation of the anharmonic broadening showed that 
the resulting DOS is much smaller than that observed 
||7|. It is clear from energy conservation that a low- 
temperature DOS below 2'iTVt/d must come from interac- 
tion of the nanoparticle with its surroundings. 
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IV. EXTRINSIC PHONON-BROADENING 
MECHANISMS 



An important extrinsic broadening mechanism results 
from the fact that the nanoparticles of Ref . |j] are not iso- 
lated, but rather are in contact with each other or some 
support structure. This contact enables the nanoparti- 
cles to couple to an environment with a continuous spec- 
trum at low energy. Preliminary work suggests that it 
might be is this mechanical coupling to the environment 
that broadens the vibrational modes enough to explain 
the observed DOS. 

We consider a single isotropic elastic sphere of diam- 
eter 10 nm, representing the nanoparticle, connected to 
a semi-infinite isotropic elastic continuum lying in the 
xy plane and extending to infinity in the negative z di- 
rection. For simplicity, we take the substrate and the 
nanoparticle to be made of the same material. We model 
the contact between the two by a weak harmonic spring, 
corresponding to the situation where the nanoparticle 
and substrate are connected by only a few atomic bonds 
or by a small "neck" of material. The Hamiltonian for 
the system is 



(1) 



where the aj and aj are annihilation and creation oper- 
ators for phonons in the nanoparticle, and the index J 
runs over all the modes of the nanoparticle. The 6/, 5}, 
and / correspond to the substrate phonons. The spring 
constant K is taken to be of the order of an atomic bond 
strength of the material. Un(r) and Us(r) are the phonon 
displacement field of the nanoparticle and the substrate, 
respectively, and ro is the point of connection. 

The phonon DOS is obtained by calculating the 
nanoparticle phonon propagator to leading order in K 
and using the quasiparticle-pole approximation. This 
method is equivalent to using Fermi's golden rule to cal- 
culate phonon lifetimes and assuming Lorentzian line- 
shapes. At 3 cm^^ the DOS is found to be 5.8 x 
10"^ states per cm~^, or about 3.2 x 10"'* times the bulk 
DOS. Experimentally, the ratio of nanoparticle to bulk 
DOS was found to be approximately 7.4 x 10~^, about 20 
times larger than our result. This is a reasonable result 
considering the simplicity of our model. However, the 
quasiparticle-pole approximation is inaccurate at low en- 
ergies, where the deviation from Lorentzian line shapes 
becomes important. But the order-of-magnitude agree- 
ment does suggest that we have correctly identified the 
relevant broadening mechanism in these nanoparticles. 
An accurate calculation of the nanoparticle DOS, based 
on the solution of the Dyson equation, is in progress. 

We have also shown that fictitious forces acting on an 
electron in an oscillating nanoparticle can induce relax- 
ation under the right circumstances |9[], but we do not 
believe that this mechanism is operative here. A broad- 
ening mechanism that we have not yet considered is the 
effect of adsorbed molecules or "dirt" on the outside of 
the nanoparticle, which may be important. 
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